In this paper, the performance of two-way relaying in mixed RF/FSO communication system with a backup RF link is investigated. Uplink RF channels are used to send data of K users to a two-way relay, R, whereas FSO link is mainly used to exchange data between a base station S and R. We propose to have a backup RF link between the relay R and the node S to improve reliability under certain conditions. All uplink RF channels follow Rayleigh fading model while αµ is adopted to model both backup RF and FSO links. We approximate the widely used Gamma-Gamma fading model using the α-µ distribution based on moments-based estimator technique assuming perfect alignment between transmitter and receiver antennas. This approximation shows good agreement under certain atmospheric turbulence conditions. Then, we derive exact closed-form expressions for the outage and average symbol error probabilities and derive approximations at high signalto-noise ratio (SNR). We corroborate our analytical expressions with extensive Monte-Carlo simulations and demonstrate exact match. Furthermore, we analyze the effect of number of nodes, opportunistic scheduling among K nodes, and α-µ parameters on the overall performance of mixed RF/FSO and backup RF systems. Our numerical results illustrate an achievable coding gain when increasing K; however, performance degradation occurs as the relay applies selection that favors the domination of specific links in the system.
I. INTRODUCTION
T HERE has been an increasing demand on higher data rates over the last years with our current congested spectrum. New technologies have emerged, which require efficient utilization of power and bandwidth as possible in designing the future wireless communication systems. For instance, cooperative relaying have been introduced lately to fulfill the quality of service (QoS) requirements for upcoming wireless networks. Specifically, in wireless dense networks, relays can improve coverage area, reliability, and enhance the spectral efficiency when deployed in wireless networks. Therefore, it could be a key feature in the next generation (5G) deployment of wireless cellular networks [1] .
Due to the inflation in number of wireless devices operating in the Radio Frequency (RF) bands, and expected increase of their applications in the near future, the RF spectrum is congested and the cost of the licensed band in RF spectrum is relatively high. Therefore, there has been proposals for alternative technologies to complement the current RF spectrum such as free-space optical (FSO) communication systems. Wireless FSO systems have gained high attention among researchers for their features such as higher capacity and higher achievable data rates compared to the RF based systems. While many RF links can be licensed, the FSO links are free-band which result to have less cost at the moment [1] . Recently, mixed RF/FSO in wireless communication systems has numerous advantages specially that it can be deployed as a backhaul structure/link to increase the reliability and speed of the backbone network. This will meet the requirements of higher data rates and QoS.
The performance analysis of dual-hop one-way mixed RF/FSO links was analyzed in [3] . Lee et al. have investigated the system over Gamma-Gamma fading model and under the assumption of perfect pointing error. They derived the end-toend outage probability. In [4] , Ansari et al. studied the impact of pointing error on the performance over the same system model. The case of two-way, both half-duplex and full duplex, relaying scheme was studied in [5] , [6] . Authors in [5] , [6] have derived the end-to-end outage probability and average symbol error probability.
There have been studies on the case of multiple wireless nodes in the RF link part of mixed RF/FSO system. In [7] , [8] , Miridakis et al. and Salhab et al. investigated one-way relaying multi-node networks with Decode-and-Forward (DF) and fixed gain Amplify-and-Forward (AF) relaying in mixed RF/FSO. They assumed Gamma-Gamma fading model in their derivations of end-to-end outage and average symbol error probabilities. Al-Eryani et al. in [9] proposed an order selection for the best SNR wireless node with bi-directional half-duplex communications in mixed RF/FSO assuming Gamma-Gamma fading model. Different fading channel models have been adopted for the FSO link such as Gamma-Gamma, Málaga, inverse-K, and log-normal Rician fading distributions [6] , [11] .
Due to the unexpected behavior in atmospheric turbulence and possible pointing alignment error, the hybrid RF/FSO system can encounter significant performance degradation; which is not counted in [9] . Therefore, a backup RF link is essential at the two-way relay to prevent the communication loss in the event of outage in the FSO link, or performing below the required signal-to-noise ratio (SNR).
To the best of our knowledge, no research results on the two-way relaying in dual-hop system over mixed RF/FSO with an independent backup RF link considering α-µ fading model. We also propose a generalized opportunistic scheduling/selection scheme, and derive the outage and average symbol error probabilities for the aforementioned system. The main contributions of this work can be summarized as follows:
• Propose a backup RF link in the multi-node dual-hop system over hybrid RF/FSO based on generic channel fading model using a generalized opportunistic scheduling selection scheme. • Provide an approximation to the widely used Gamma-Gamma fading model for atmospheric turbulence using the proposed α-µ distribution. • Derive accurate closed-form analytical expressions for both outage and average symbol error probabilities, and asymptotic approximations for high SNR.
• Analyze the effect of number of nodes, opportunistic scheduling, and α-µ parameters on the overall performance of mixed RF/FSO and backup RF/RF systems. The rest of the paper is organized as follows. In Section II, we describe the system model and its associated channel models as well as the cumulative distribution function (CDF) derivation of each link. The transmission protocol, and adopted opportunistic scheduling in RF and mixed RF/FSO are in Section III. The exact analysis of outage probability of the system is derived in Section IV. Section V covers the average symbol error probability derivation. In Section VI, we obtain the asymptotic expressions of the outage probability for high SNR. In Section VII, we present and discuss extensive numerical simulation results. Finally, we conclude the paper in Section VIII.
II. SYSTEM AND CHANNEL MODEL
We consider a system of a base station node S, a single two-way DF relay R, and K nodes/sensors N 1 , . . . , N K . Base station S supports both FSO and RF communications with the two-way relay R, which has both optical and RF transceivers. In FSO link, the transmitter uses subcarrier intensity modulation technique [11] , and the node R along with the nodes N 1 , . . . , N K are connected by RF links as shown in Fig. 1 .
First, we will investigate RF links between the k th node and two-way relay, i.e. N k → R and R → N k , k = 1, . . . , K. The received signal at the relay node R from the k th node N k is given by
while the received signal at the node N k is
where P N k and P R denote the average electrical signal power of N k and R nodes, respectively. g N k ,R and g R,N k are the small-scale fading coefficients over N k → R and R → N k links. x N k and x R denote the N k node and relay transmitted symbols with E |x i | 2 = 1, i ∈ {N k , R}, respectively, and E[.] stands for the expectation. n R and n N k represent the zeromean additive white Gaussian noise at the relay R and the node N k with power spectral density (PSD) of N RF 0,R and N RF 0,k . The instantaneous SNRs at the input of the relay R and the k th node N k are respectively given by 
On the other hand, the received optical signal at the relay R and base station S are given by [3] r
where h R,S and h S,R represent the channel fading coefficients of the R → S and S → R wireless FSO links, respectively. P OP S and P OP R stand for the average optical power of the transmitted symbols of base station S and relay R, respectively. M represents the modulation index, x S is the transmitted symbol by S, andx R is the decoded symbol at the relay R where E |x S | 2 = E |x R | 2 = 1. The AWGN terms at the input of the relay R and base station S are denoted by n OP R and n OP S with zero mean and PSDs of N OP 0,R and N OP 0,S , respectively. The relation between optical and RF electrical power is given by P OP
and ξ S 1 stand for the electrical-to-optical conversion ratios [3] . However, the optical-to-electrical conversion ratios at the relay R and base station S are given by ξ R 2 and ξ S 2 , respectively. The instantaneous SNR at input of the relay R and S are
A. RF Channel Model
We assume channel coefficients g R,N k and g N k ,R , for all k = 1, . . . , K follow the Rayleigh fading model in RF links. This implies that |g R,N k | 2 and |g N k ,R | 2 are exponentially distributed, i.e. chi-square distributed with two degrees of freedom, which is generally given by [12] 
B. Hybrid FSO and RF Channels
We consider a primary FSO transmission between the base station S and the relay R with an independent secondary/backup RF link. As weather conditions can affect severely the FSO link reliability, we propose to have a hybrid communication system that replaces FSO with RF in these scenarios. In this paper, we assume channel coefficients h S,R and h R,S are modeled by the generalized α-µ small-scale fading model contrary to many previous works which assume Gamma-Gamma distribution for the FSO channel [9] . The probability density function (PDF) of the α-µ generalized fading model for X → Y link is given by [13] 
where α and µ are the power and fading parameters, respectively. Γ(.) is the complete Gamma function, and the parameter Ω α = α E |h R,S | α . The distribution of instantaneous SNR for FSO link considering α-µ fading channel is [14] 
where γ X,Y represents the SNR for S → R (or R → S) links, and γ x,y is the average received SNR. The CDF of the α-µ fading channel is given by
where γ inc (., .) is the lower incomplete Gamma function [15] . In general, the α-µ fading distribution is used to model the non-linear propagation in addition to the multipath propagation through arbitrary medium based on the physical parameters α and µ. As a special case, Nakagami-m, Rayleigh, Onesided Gaussian, Exponential, and Weibull distributions can be derived from the α-µ fading distribution using α and µ as in Table I [13] .
C. Approximation of Gamma-Gamma Distribution
In this section, we approximate independent and identically distributed (i.i.d.) Gamma-Gamma fading model using the generic α-µ distribution by moment-based estimators. The α-µ distribution has less complexity compared to Gamma-Gamma, which simplifies the analysis of FSO systems and preserves accurate results. The n th moment of Gamma-Gamma random variable X is given by [18] 
where η and β are the Gamma-Gamma atmospheric turbulence parameters, and the n th moment of the α-µ fading distribution is given by [13] E
where stands for the α th root mean value of envelope. By equating the first, second, and third moments of both fading channels and numerically solving for unknown variables, we obtain
where values of η and β for weak and strong atmospheric turbulence conditions and their corresponding α and µ are given in Table II . Fig. 2 depicts the PDF comparison of the Gamma-Gamma distribution with the approximated α-µ for specific atmospheric turbulence conditions. We notice a good match between the two PDFs for very weak (η = 21.5, β = 19.8) and weak (a) (η = 9.70, β = 8.20) atmospheric turbulence conditions. However, for severe atmospheric turbulence conditions (η = 4 or 4.34, β = 1.84 or 1.30), the approximation mismatch the Gamma-Gamma PDF, and higher order moments are needed to improve the approximation.
III. TRANSMISSION PROTOCOL Transmission between the base station S and k th wireless node N k is achieved through the relay R in two phases. In the first phase, denoted by ST (1) , both base station S and k th node N k transmit their optical and RF signals to relay R. While in the second phase, denoted by ST (2) , the relay R converts the RF received signal of N k to an optical one, and transmits it to the base station S. At the same time, it converts the optical signal received from base station S to RF to be transmitted to the k th selected wireless node based on an opportunistic scheduling scheme that will be discussed in the next subsection. 
A. Opportunistic Scheduling in RF links
In the RF links, we propose an opportunistic scheduling scheme among K nodes, i.e. N 1 , . . . , N K , where the relay R will select the best SNR among them. The CDF of the selected node, M * ∈ {N 1 , . . . , N K }, by the relay R is given by
where γ M * ,R = max(γ N1,R , . . . , γ N K ,R ), and P r{.} denotes the probability operation. Consider all RF channels to be independent and identically distributed (i.i.d.), then the joint CDF of the overall SNR can be obtained as
Upon substituting the CDF of γ N k ,R in (17), the resulting CDF is given by
γ n * ,r , then we differentiate (18) in order to obtain the PDF of the SNR at selected node as
Using the general Binomial relation, the CDF of the best SNR is given by
In case the node with best SNR and/or others are unavailable due to scheduling, we consider an extension of (20) to a generalized order selection scheme.
The SNRs among available N < K nodes will form an ordered SNR set, and N is the order of selected node. Relay selects the highest SNR among them, i.e. the N th best SNR denoted by N * . The CDF of the selected node with SNR γ N * ,R is given by
On other hand, the CDF of the downlink (R → N * ), F γ R,N * (γ), is given by
where γ r,n * = E γ R,N k , ∀ k ∈ {1, . . . , K}.
B. Opportunistic Scheduling in Mixed RF/FSO links
In the RF/FSO and backup RF/RF systems, the CDF of the bi-directional links S → R or R → S is written in terms of Meijer's G-function using [17] [Sec. 8.4.16/Eq.1] as
where γ X,Y represents the SNR for S → R (or R → S) links, and G a,b c,d [· |
.,.
.,. ] is the Meijer's G-function defined in [15] . The notation F SO/RF refers to the CDF of α-µ fading channel for both backup RF and FSO links.
IV. EXACT OUTAGE PROBABILITY ANALYSIS
The outage probability analysis is essential to characterize the error performance and reliability. In two-way relaying system, stability of bi-directional transmission links is critical compared to the one-way case as nodes must be active during the two transmission phases.
The outage occurs when one of the two phases experiences an outage event, which takes place when the SNR of any link, e.g. FSO or RF links, drops below a predetermined threshold value, γ th , i.e. P out = P r{γ ≤ γ th }. Consequentially, total outage probability in two-way relaying is obtained by
where ST (i) out , i = 1, 2 stands for the outage event in the i th transmission phase. So, the outage probability for ST (1) out is defined by [6] ST
Since the two links are i.i.d., we can rewrite (25) as
By substituting (21), (23) in (26) we get the expression in (27) (shown at the top of next page).
ST
Similarly, the definition of the outage probability for ST (2) out , where relay R transmits the data to both base station S and the selected node N * , is given by
As the two links are assumed i.i.d., we can rewrite (28) as
Upon substituting (22), (23) in (29) we get
(30) Finally, by substituting (27) and (30) into (24) we obtain the outage probability for both hybrid RF/FSO and backup RF/RF systems in closed-from expression in (31).
V. AVERAGE SYMBOL ERROR PROBABILITY ANALYSIS
We investigate and derive the average symbol error probability (ASEP) that reflects the reliability of a communication system under various environment conditions. In order to analyze the ASEP, CDF-based approach is adopted in our analysis after replacing γ th with γ. The CDF-based approach is given by [19] 
where parameters a and b are related to the modulation scheme in use and a, b > 0. Sub-carrier intensity modulation (SIM) scheme is adopted in the system model and hence binary phase shift keying (BPSK) modulation can be used in both RF and FSO/RF links. Upon using (31), (7.813.1) and (3.381.4) in [15] and [20] with straightforward mathematical manipulations, we obtain the ASEP tot for both systems in closed-form expression in (34) (given at the top of next page) where G .,.:.,.:.,.
.,.:.,.:.,.
., . ., . | ., . ., . |ψ, χ is the Extended Generalized Bivariate Meijer's G-function (EGBMGF) [21] ,
and Λ 2 = (k+N +bγn k ,r )γr,n k +γn k ,r γr,n k γn k ,r .
VI. ASYMPTOTIC ANALYSIS OF OUTAGE PROBABILITY
The derived outage probability expression in (31) is complicated; hence, a simpler expression is needed to have insights on coding gain and diversity order of the system. At high SNR, the outage probability expression, in general, is approximated P T ot out G c (SN R) −G d where G c and G d stand for the coding gain and diversity order, respectively [12] . Assuming all channels are i.i.d. such that γ n * ,r = γ r,n * = γ s,r = γ r,s = γ ψ , we can further simplify (24) due to the fact that the product of multiple CDFs is insignificant compared other terms. The CDF of the end-to-end system can be rewritten by summing dominant CDFs in all three terms, which is given by
Consider the first term above F γ N * ,R (γ), the exponential term can be decomposed using Taylor's series as
where
2 G 1,0:1,2:1,2 0,1:2,2:2,2
Assuming that γ ψ → ∞, the CDF can be reduced to λ ψ γ while truncated all the other terms. Therefore, the asymptotic PDF is simplified to f ∞ γ N * ,R (γ) ≈ λ ψ . Using the CDF and PDF approximations to get the asymptotic CDF, we obtain
The approximation of the FSO link is derived using the generalized incomplete gamma function expansion series [22] . Hence, the term F F SO/RF γ S,R (γ) is given by
where Γ(a, b) is the generalized incomplete gamma function and γ X,Y represents the SNR for either S → R (or R → S) links [22] . The downlink RF approximation for the link R → N * is based on Taylor's series expansion, therefore F γ R,N * (γ) is approximated as
Finally, upon substituting (36), (37), and (38) into (33) and replacing γ with γ th , the approximated outage expression is obtained at high SNR with straightforward mathematical manipulation as
where the term Ψ 2 can be neglected, while Υ 1 = Ψ − 1 (K−N +1) 1 and Υ 2 = ( 1 2 µΓ(µ)) − 2 αµ . Clearly, the overall performance of the system is going to be dominated by the worst CDF among the RF and FSO/RF links. As a result, the overall performance equals to the minimum of all CDFs among the TABLE III: Coding gain and diversity order of the system model.
Domination links
Diversity order Coding gain
links, i.e. min (K − N + 1, αµ 2 , 1). Coding gain and diversity order for various scenarios of the system model are shown in Table III where T i , i = 1, 2, 3 denote the term number in (40).
VII. SIMULATION AND NUMERICAL RESULTS
In this section, outage probability and ASEPs of the system model are analyzed using Monte-Carlo simulations to verify the derived analytical expressions and asymptotic approximations. Furthermore, we investigate the effect of various parameters such as number of nodes K on opportunistic scheduling scheme and asymptotic approximation, and the values of α-µ fading model on the overall system performance. We assume in our simulations i.i.d. channel fading coefficients for all links, perfect pointing or negligible pointing error between the transmitter and receiver antennas, same α-µ parameters for both S → R and R → S links, and the transmitted power by all terminals in the system over RF and/or FSO links are equally distributed among them such that P S = P R = P N k = 1 3 P T where P T is the maximum power budget of the system.
Considering the RF/RF system model, Fig. 3 shows the impact of the opportunistic scheduling on the overall outage probability using N out of K nodes over Nakagami-m (α = 2, µ = 2), Exponential (α = 1, µ = 1), and Rayleigh (α = 2, µ = 1) fading channels . We observe an exact match between our derived expressions and Monte-Carlo simulation, and close asymptotic approximation at high SNR. Obviously, the performance of Nakagami-m is better than Exponential and Rayleigh since it is used to model line-of-sight (LOS) scenarios over the non line-of-sight (NLOS) for Rayleigh fading. However, we notice degradation in performance for the case of Nakagami-m compared to both Exponential and Rayleigh channels of almost 5 dB coding loss as N goes from 1 to 3. Also, we observe that the backup RF of S → R, R → S, and R → N * links are nearly dominating the overall outage performance over the link N * → R. This is due to the similar diversity orders of both links, i.e. (G T2 d G T3 d ) < G T1 d , where G d depends on α and µ. However, the coding gain G c is affected when we apply opportunistic scheduling/selection among the K nodes by the relay R. The diversity order of first RF link G T1 d = G T3 d = 1 as N → 3 and diversity order increase but higher coding loss is encountered, i.e. −G T1+T3 c .
In the Exponential channel, the link between S and R is dominates the overall outage performance which results in the lowest coding loss −G T2 c . The outage probability of the RF/FSO system model is shown in Fig. 4 where an excellent match between the outage probability derived expressions with Monte-Carlo simulation for very weak atmospheric turbulence (α = 2.7312, µ = 2.21). We notice an improved performance when the atmospheric turbulence is very weak compared to the severe situation. However, as the relay R uses opportunistic scheduling among K nodes, the outage performance degrades in the very weak atmospheric turbulence to around 6 dB coding loss in contrast to the severe case of almost 2 dB where FSO link dominates. An interesting point observed is that at very weak atmospheric turbulence, both RF links R → N * and N * → R dominate the outage performance of the system as N → 3 due to lower diversity achieved in these links than FSO link, i.e. G T3
On the other hand, the FSO link dominates the outage performance at severe atmospheric turbulence (α = 0.579, µ = 2.022) because G T2 d < G T1 d /G T3 d and lowest coding gain is achieved as given in Table III. The average symbol error probability versus average SNR (γ ψ ) is simulated in Fig. 5 under best scheduling/selection by the relay R. We will investigate the impact of increasing the number of nodes K over RF/RF Model. This gives insight on the overall ASEP performance of various RF fading channels where we notice the worst performance of One-Sided Gaussian over Nakagami-m and Rayleigh fading channels. An improvement of around 2 dB coding gain occurs when K increases from 1 to 10 for the Nakagami-m, and 1 dB coding gain for the Rayleigh channel while negligible improvement for One-Sided Gaussian fading channel. For instance, the R → N * and link between S and R dominate the system performance over Nakagami-m channel, and hence higher coding gain is achieved in ASEP. Conversely, low coding gain is attained for the One-Sided Gaussian channel due to the small coding gain value of link between S and R. The effect of opportunistic scheduling using N nodes over various fading channels on the overall ASEP for fixed K is shown in Fig. 6 . We notice high coding loss in ASEP over Nakagami-m compared to the Rayleigh and One-Sided Gaussian as N increases. In One-Sided Gaussian, the backup RF link between S and R dominates the overall ASEP regardless of applied opportunistic scheduling at relay R. This is due to the lower diversity order in the link between S and R compared to all other links. However, the uplink and backup RF links are dominating the overall ASEP, and this degrades the performance for Nakagami-m or Rayleigh.
In the RF/FSO model, we investigate the ASEP over very weak and weak atmospheric turbulence conditions. In Fig. 7 , the ASEP versus γ ψ under the assumption of best selection among the K nodes is analyzed. We notice that in both very weak (α = 2.73, µ = 2.21) and weak (α = 2.00, µ = 1.37) atmospheric turbulence conditions, the RF and FSO links are dominating the overall ASEP due to the similar diversity order for both links and hence, an improvement of 2-3 dB coding gain is achieved as K increases from 1 to 5.
The outage probability versus number of nodes K is depicted in Fig. 8 . It illustrates the achieved coding gain G c of both systems based on the different dominating conditions of all links as we increase number of nodes K in the RF links between N * and R. We observe higher coding gain in very weak atmospheric turbulence (α = 2.73, µ = 2.21) when K increases from 1 to 5 compared to the severe case (α = 0.537, µ = 2.022) in the FSO model while Nakagamim has the highest coding gain compared to all other fading channels in the backup RF/RF system. After K = 5, no coding gain is attained in the outage performance for almost all fading distributions because as K increases, the coding gain in the link between N * and R goes to zero G T1 c → 0 due to increase in the denominator of T 1 exponent. The coding gain G c can be deduced from Table III for all domination scenarios.
VIII. CONCLUSION
The performance of hybrid RF/FSO with backup RF link, generalized opportunistic scheduling, and two-way DF relay over generalized α-µ channel fading model was investigated. Outage probability and ASEP with asymptotic approximations were derived in closed-form and corroborated by Monte-Carlo simulations. Moreover, we observed the effect of number of nodes K and opportunistic scheduling using N nodes on the overall outage and ASEP for both mixed RF/FSO with backup RF/RF scenarios. The results show that hybrid/mixed two-way relaying has a good potential for next generation such as 5G specially for high data rate applications with reliable backhaul links. Due to the random behavior of atmospheric turbulence and pointing alignment error, our proposed hybrid RF/FSO can make the system more resilient in such unexpected weather conditions. ACKNOWLEDGMENT
